in the decades preceding collapse. We find 1) that lakes spread southwards in the preceding 23 decades at a rate commensurate with meltwater saturation of the shelf surface, 2) no trend in 24 lake size, suggesting an active supraglacial drainage network which evacuated excess water 25 off the shelf and 3) lakes mostly re-freeze in winter but the few lakes that do drain are 26 associated with ice break up 2-4 years later. Given the relative scale of lake drainage and 27 shelf break up, however, it is not clear from our data whether lake drainage is more likely a 28 cause, or an effect, of ice shelf collapse. 29 1 Introduction 30 The Antarctic Peninsula (AP) has experienced extreme warming in the mid to late 31 20th Century, with air temperatures increasing by almost 2.5°C (e.g. Vaughan and Doake 32 1996 , Skvarca et al., 1999 ), up to ~1990 (Turner, Lu et al. 2016 ). This has been linked to 33 thinning and loss of the AP's ice shelves (e.g. Morris and Vaughan 2003, Shepherd et al., 34 2003) . During the 1990's, the Larsen B ice shelf (LBIS) began to shrink, culminating in its 35 eventual collapse in 2002 (e.g. Scambos et al., 2003 , Glasser and Scambos 2008 . Since then, 36 the glaciers which formerly fed into LBIS have accelerated between two-and eight-fold, 37 following the removal of buttressing forces formerly provided by the shelf (e.g. Rignot et al., 38 2004 38 , Scambos et al., 2004 . Through this mechanism, ~9 Gt yr -1 of grounded ice has been 39 lost to the sea, accounting for one third of all ice loss observed from the AP since 2002 40 (Berthier et al., 2012) . 41 Supraglacial lakes (SGLs) form in surface depressions from ponded melt water. They 42 are a component of the ice surface hydrological network which also includes streams and 43 rivers (Glasser and Scambos, 2008) . This network is important because it can route surface 44 meltwater into lakes (Stokes et al., 2019) , moulins (Langley et al., 2016) or off of the ice into 45 the ocean (Bell et al., 2017) . By exporting meltwater off of the ice, supraglacial streams can 46 strengthen ice shelves (ibid). SGLs however, have been implicated in ice shelf breakup (e.g. 47 Banwell and MacAyeal, 2015) . Widespread SGL coverage was observed on the Prince 48 Gustav and Larsen A ice shelves before their failure in the mid-1990s (e.g. Cooper 2009), and 49 lakes on the LBIS were observed to drain just before its collapse (Scambos et al., 2003) . 50 SGLs can drain laterally through supraglacial streams (Kingslake et al., 2015) or vertically 51 via hydrofracture; when water-filled crevasses propagate through the full ice thickness 52 (MacAyeal et al., 2003 , Krawczynski et al., 2009 . Through repeated filling and draining, 53 SGLs induce localized flexure of the ice shelf. It is thought that this can produce fractures 54 that can cause neighboring lakes to drain in a chain reaction, leading ultimately to ice shelf 55 disintegration (Banwell and MacAyeal 2015) . 56 Since much of Antarctica is fringed by floating ice shelves that provide important 57 buttressing to grounded ice flow (Fürst et al., 2016 , Goldberg et al., 2019 , it is important to 58 understand the contribution of supraglacial hydrology to ice shelf stability. Here we 59 investigate the potential role of SGLs in the collapse of LBIS by analyzing their evolution table S1 ). The SAR signature of lakes changes annually from 74 dark lakes against a light background in winter to bright lakes against a dark background in 75 summer (supporting text S2.2). Here, we choose the summer SAR image in which lakes were 76 clearest for each of the years we have data for quantitative analysis (section 3.2); these were 77 mostly acquired between mid-January and mid-February. In order to compare lake 78 characteristics between years, ERS data are radiometrically calibrated and georeferenced 79 (Nagler et al., 2016) . SGLs are then manually delineated in ERS and automatically and 80 manually delineated in Landsat (supporting text S2.1 and S2.2). We quantify uncertainty 81 associated with using two different sensors by digitizing lakes in a 52 km 2 sample area in 82 Landsat and ERS images acquired 2 days apart. We find that 7% more lakes are identified in 83 ERS images, lakes are 16% larger on average in Landsat and cover an 8% greater area 84 (supporting text S2.3).
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To account for the fact that lake covered area changed during our study period, and to 86 provide a fair comparison between Landsat and ERS, we subsampled our study area to that 87 covered by lakes in 1988, omitting regions where lakes were unclear in ERS due to speckle 88 noise (granular interference). We use a partially cloudy Landsat image from 9 th February 89 1990 in section 3.2. We account for the cloud cover by calculating the change in lake 90 characteristics in the cloud free area with respect to the Landsat image captured on 19 th 91 January 1988, then applying the relative change to the cloud covered portion. Finally, we use 92 a radiative transfer model (supporting text S2.3) to compare lake depth and volume between 93 two cloud-free Landsat images acquired on the 19 th January 1988 and 21 st February 2000. 1979-1990 and 1993-2002 inclusive. 133 3.2 Changes in lake characteristics and relationship with climate 134 We assess the variability in lake number, size and total area in our study area between 135 1988-2002 and investigate potential relationships to climate. The presence of clouds in some 136 Landsat images precluded their use in this analysis, reducing our sample to seven individual 137 years across the 23-year study period. Using these data, we found no noticeable trend in lake 138 characteristics ( Figure 3) ; lake number, size and total area within our sample did not increase. 139 Variability was reasonably high in each case with 1993 and 2000 acting as end members for 140 each parameter with fewer, larger lakes in 1993 (335 lakes, mean area 0.64 km 2 ) and an 141 abundance of small lakes in 2000 (1170 lakes, mean area 0.07 km 2 ). We attribute this to 142 topography; small lakes coalesce in high melt years to form fewer, larger lakes. Using 143 regression analysis we found that summer (DJF) melting simulated by RACMO2 best 144 explains inter-annual variability in mean and total lake area (supporting text S5). Mean and 145 total lake area are strongly correlated with DJF melting (r=0.95, p<0.01 and r=0.77, p=0.01, 146 respectively), in good agreement with Langley et al., (2016) . We note that these patterns hold 147 despite images being acquired on different days into the melt season. This suggests that lakes 148 reach their maximum size by mid-January and do not grow or shrink significantly between 149 then and mid-February. Lake number is weakly anti-correlated with DJF melting (r=-0.58, (Figure 4 ). Since RACMO2 shows that the air 183 temperature was consistently below zero between these dates it is reasonable to assume that 184 these lakes fully refroze. Similar numbers of lakes in the 21 st February 2000 Landsat image 185 appear to be refreezing/refrozen, based on their similarity to refreezing lakes in previous 186 Confidential manuscript submitted to Geophysical Research Letters work (e.g. Langley et al., 2016) . This is supported by the temperature data; in the seven days 187 prior to image acquisition, mean temperatures across most of the ice shelf were below zero. 188 In both cases, refrozen lakes seem concentrated towards the ice margin, likely because 189 temperatures are colder there beyond the influence of warm föhn wind (e.g. Cape et al., 2015, 190 Leeson et al, 2017). bounds now-missing portion of ice shelf. 200 We see evidence for lake drainage in years before 2000, mainly on portions of the ice 201 shelf which broke off before the main collapse. In 1996, a cluster of ~10 lakes disappear mid-202 melt season between ERS images captured on January 25 th and February 29 th ( Figure 5) . 203 Similarly, a cluster of ~6 lakes disappear between 2 nd February 1997 (ERS) and 4 th February 204 1997 (Landsat). In both cases the disappeared lakes are surrounded by visible lakes, 205 suggesting that they did not refreeze. In the case of the 1996 images, the drained lakes appear 206 slightly brighter than the surrounding surface (signature also noted in Miles et al., 2017) . We 207 Confidential manuscript submitted to Geophysical Research Letters see more evidence (~20 lakes) of this signature in an ERS image captured March 24 th 1996 208 (Figure 4r) , mainly on the portion of LBIS lost before 2000. The drained lakes are not 209 particularly noteworthy in that their area and shape appear consistent with surviving lakes. 210 This suggests that their drainage was glaciologically determined i.e. initiated as a result of 211 local perturbations in ice flow. We note that this period in time has been associated with 212 LBIS speed-up in other studies (e.g. Kulessa et al., 2014) , and that the drained lakes are 213 oriented perpendicular to the direction of flow, both of which support this inference. Since 214 these lakes are grouped, it is possible that a single glaciologically-driven event may have 215 triggered a small scale chain reaction draining neighboring lakes (e.g. Banwell et al., 2013) , 216 however higher resolution observations in time are needed to confirm this. 217 In the image captured 21 st February 2000 we see ~19 shapes characterized by light 218 and dark patterns consistent with steep-sided topographic depressions (e.g. Figure 4s ). We 219 interpret these to be lakes which have drained, supporting previous findings (e.g. Glasser and (Figure 5c ). Since this coincides with downstream lakes increasing in size 228 between the two dates, and temperatures increasing rather than decreasing, we interpret this 229 to be evidence of lateral lake drainage (e.g. Kingslake et al., 2015) . (Alley et al. 2018) . We note in particular that 1993 and 1995 were the years of lowest firn air content in our record, directly preceding the beginning of the ice shelf break-up in 1995. 248 Notably, RACMO2 does not simulate a temperature or surface melt trend during this period 249 (Leeson et al., 2017) . This suggests that ice shelf vulnerability is cumulative, and that 250 accurate measurements and models of meltwater retention in firn are needed in order to 251 assess the risk of collapse of other ice shelves. 252 We find that, according to our data, there was no trend in lake area over the 2002 study period and that lake area is best described by seasonal melt volume. This is 254 interesting because such behavior reflects an inter-connected hydrological network where 255 lake size is a function of throughput rate rather than total abundance of water. We see 256 evidence for some linear meltwater features that terminate at crevasses or the shelf terminus, 257 which could provide a mechanism for meltwater export off-shelf (supplementary figure S11) . 258 This supports the work of Kingslake et al., (2017) and Bell et al., (2017) who characterize 259 Antarctic ice shelf hydrology as a dynamic system where excess meltwater is exported e.g. 260 off the ice shelf, as opposed to being stored locally. Our findings suggest that the LBIS 261 exhibited a combination of local storage (in lakes) and meltwater export, which may explain 262 why it was able to support an abundant population of lakes for several decades before it 263 finally collapsed. We also find that lakes get deeper over time. Since this holds across a wide 264 area, and we do not see evidence of repeated widespread draining, we attribute this to 265 enhanced ablation at the lake bed (Buzzard, Feltham et al. 2018 ) as opposed to a viscous 266 response to successive fill/drain cycles (Banwell et al., 2013) . 267 At the end of the melt season, we find that most lakes refreeze but a small proportion 268 drain. Specifically we see evidence for ~30 lakes draining prior to March 24 th 1996. These 269 potential drained lakes are mainly located on floating ice which broke off between 1996 and 270 2000. The first time we see evidence for multiple lakes draining on the portion of ice shelf 271 lost in 2002 is in 2000, where we see evidence for ~20 drained lake basins. Thus we find that, 272 in our dataset, floating ice on which SGLs drain breaks up 2-4 years after drainage is first 273 observed. We note however that the number of observed lake drainages is small in both 274 cases, relative to the large size of the broken off area. As such, it is not clear from these data 275 whether the lake drainages were a cause, or rather an effect, of the LBIS break-up. 
